Study Objectives: Toward understanding the function of sleep spindle, we examined whether sensory stimulation triggers sleep spindles. Participants: Eleven normal subjects participated in the experiments. Intervention: The subjects had a nap in the afternoon, and sensory stimulation was applied during sleep stage 2. Measurements: 21-channel EEG was recorded during the 2-3 hour experiment carried out between 13:00 and 16:00. Somatosensory, auditory, or visual stimulation was performed over a 5-minute period during stage 2. The frequency and duration of spindles were compared in 2 different segments of 5 minutes, with and without sensory stimulation. The latency from the onset of a sensory stimulus to the succeeding spindle was also analyzed. To estimate the active brain regions during a spindle, the EEG recordings were modeled with a single equivalent moving dipole (SEMD) model. Results: In the period with stimulation, spindle frequency and duration increased compared with the period without stimulation. Statistical tests revealed that with stimulation, the interval between 2 consecutive spindles was significantly shorter (p<0.05, regardless of the modality) and that the duration of the spindles was significantly longer with stimulation (p<0.05, regardless of the modality). The latency was approximately 2 s. During a spindle after somatosensory stimulation brain activities were observed near the somatosensory area, while with auditory stimulation active regions were observed near the auditory cortex. Conclusions: A sensory stimulus appeared to trigger a sleep spindle during sleep stage 2. SEMD trajectories suggest that active brain regions during spindle are different according to the modality of the preceding stimulus.
INTRODUCTION
SLEEP SPINDLES ARE CHARACTERISTIC BRAIN WAVES DURING NREM SLEEP. AS ITS NAME SUGGESTS, A SLEEP SPINDLE HAS A WAXING-AND-WANING WAVEFORM lasting between 1 to 3 s at a frequency of 11-15 Hz. Spindle waves recur every 3 to 10 s. Several studies indicate that spindles originate in the thalamus. Through extensive animal investigations, Steriade et al. showed that networks of neurons in the thalamus and the cerebral cortex play a major role in the genesis of brain oscillations including the sleep spindle. 1 Hofle et al. investigated changes in regional cerebral blood flow (rCBF) in humans during the progression from wake through stages of slow wave sleep. 2 They evaluated rCBF using positron emission tomography (PET) and employed electroencephalographic (EEG) signals to determine the sleep stage. A significant negative covariation between spindle activity and the rCBF was obtained in the midline medial thalamus, suggesting marked inhibition of the thalamus in association with sleep spindles. Ueda et al. applied a single equivalent moving dipole (SEMD) model 3 to a sleep spindle to estimate the active brain region during the spindle and showed that the equivalent dipole sources were estimated in/near the thalamus. 4 The function of the sleep spindle is not fully understood. Steriade et al. showed that during spindle occurrence, the response of forebrain to external stimuli was markedly reduced. 1 Taking into account the fact that inhibitory neurons in the reticular thalamic nucleus are involved in the spindle oscillations, they hypothesized that one of the roles of the spindle is to gate the transmission of sensory information from the external environment. 5, 6 To examine this hypothesis, Elton et al. compared event-related potentials (ERPs) to binaural stimuli in waking and NREM states. 7 The latter was further divided into 2 cases, according to whether a spindle was present or absent during a stimulus. The positivity in the ERPs without spindles was increased compared to that in the waking state. The amplitude of the positive peak in the ERPs with spindles was further increased. Hansen and Hillyard have reported that when a subject is actively attending to the stimulus, the positivity in ERPs decreases and the negativity increases. 8 Comparing their results to Hansen's, Elton et al. concluded that their results support the hypothesis of the gating role. 7 With a modified method using monaural stimuli, Cote et al. showed that as the stimulus became louder, the positivity increased, and that the positivity was greatest when spindles occurred following the stimulus.
METHODS

Study Participants
Subjects were eleven healthy volunteers (aged 22 to 26 years, mean 23.6; SD 1.3 years; 3 males and 8 females). The details of the subjects are given in Table 1 . Prior to each experimental trial, the subject was asked to complete an OSA Sleep Inventory, a standard sleep questionnaire widely used in Japan. None of the subjects reported disordered sleep or history of neurological or psychological disorder. None of the subjects were on medication at the time of experiment, and none took any medication the night before the experiment. The subjects were instructed to keep a regular sleep-wake schedule and to avoid alcohol, caffeine, and drugs the night before the experiment. The study was approved by an Institutional Review Board and was conducted in accordance with the ethical principles of the Declaration of Helsinki. Prior to the experiment, the experimental protocols were explained to the participants, who then gave written consent.
Experimental Protocols
The subjects were asked to take a 2-3 hour nap in an electromagnetically sealed room. Each experimental trial began at 13:00. Nine subjects performed 2 experimental trials or more (Table 1) . EEG was recorded from 21 Ag-AgCl electrodes placed according to the 10-20 electrode placement system of the International Federation in Electroencephalography and Clinical Neurology. The reference was taken from the inion and the grand electrode was placed at the subject's left earlobe. Sleep stages were scored according to the criteria of Rechtschaffen and Kales. 10 When the subject was relaxed with closed eyes, the characteristic EEG α waves, were observed, demonstating wake. Alpha activity was reduced at the transition into stage 1. The onset of stage 2 was determined as the first spindle that was followed by another spindle within 3 minutes. Stages 3 and 4 were characterized by delta waves (slow waves < 2 Hz). In stage 3 the percentage of delta waves is in a range between 20% and 50% while in stage 4, it exceeds 50%. The scoring was carried out visually by a rater with more than 2 years' experience, using a digital data acquisition system display (the sampling interval was 5 ms), a part of an EEG instrument and analysis system (HS-1, NF Electric Instruments, Japan). The rater was aware of the timing of the stimulation.
Sensory stimulation (somatosensory, auditory, or visual stimulation) was applied randomly to the subject for 5 minutes during stage 2. Somatosensory stimulation was carried out with a battery-operated electric stimulator (ElePuls HV-F125, Omron, Japan). The electrodes for stimulation were placed on the left shin. A standard tone of 1 kHz was used for auditory stimulation. Visual stimuli were applied by switching the light on and off inside the sealed room. The duration of a stimulus was random and in a range between 1 and 3 s. Over a 5 minute period during stage 2, stimuli were applied 21-36 (mean=29.4) times. The intensity was adjusted to the minimum level that the subject could perceive during waking; it therefore varied from subject to subject. If the subject was awakened by the stimulation and could not sleep afterwards, the data were discarded and the trial was redone another day. Also, if a frequent change in the sleep stage occurred during the stimulation period, the trial was redone another day.
At the end of the trial, an exact geometry of the subject's head and the positions of the electrodes were measured with a magnetic sensor in the special instrument system. These data, stored with the EEG recordings in a computer, were used to estimate active regions during spindles.
Data Analysis
A spindle was defined as an oscillatory activity between 11 and 15 Hz that exceeded 5 µV and had a duration of 0.5 s or longer. It should be noted that the minimum amplitude of 5 µV was a threshold for detecting the onset of a spindle, and the peak amplitudes at the middle of spindles exceeded 20 µV. The EEG recordings were filtered digitally so that the resultant signals included only frequency components between 11 and 15 Hz. The EEG filtering was carried out using a combination of the FFT (Fast Fourier Transform), a widely used digital signal processing technique, and the inverse FFT. This is an ideal filtering technique for off-line analyses, providing flat passband, steep transitions and good stopband attenuation.
First, a set of 512 sample points of the EEG signal was transformed into the frequency spectra using the FFT. Because the sampling frequency was 200 Hz, the frequency resolution was 0.390625 Hz and the lower and upper cut-off frequencies were set at 10.94 and 14.84 Hz, respectively. Second, the power of frequency components outside the range of 10.94 and 14.84 Hz were set to 0. Then the frequency spectra, which had nonzero values only in the range between 10.94 and 14.84 Hz, were transformed into the time domain with the inverse FFT. Consequently, the resultant signal included only the frequency components between 10.94 and 14.84 Hz. Then spindles were identified by visual inspection.
During an experimental trial of 2-3 hours, there were stage 2 periods. Among these, 2 periods of 5 minutes were taken from different parts of the trial, one as the stimulation period and the other as the nonstimulation period. The spindles that occurred during the stimulation period were compared to those which occurred in the nonstimulation period. In what follows, we will refer to the former as spindles with stimulation and the latter as spindles without stimulation.
First, the intervals between 2 consecutive spindles were compared between the spindles with and without stimulation. The duration of each spindle was determined, and the average durations of both types of spindle were compared. A duration rate, Sensory Stimulation Triggers Spindles-Sato et al Figure 2 The distribution of the intervals between two consecutive spindles in the five-minute period with auditory stimulation (a) and without stimulation (b). In the period with stimulation most of 100 spindles occurred within 5 s. Without stimulation some of the intervals were longer than 10 s and thus the number of spindles decreased to 51. defined as the sum of the durations in the 5-minute period divided by the length of the period (i.e., 5 minutes), was calculated for both types of spindle. When making a statistical comparison of the intervals and durations, the Friedman test, a nonparametric method, was employed because the data were not distributed normally. The McNemar test was employed to compare the proportions of spindles during which brain activity was observed in a specific region.
If sensory stimulation triggers spindles, most stimuli must be followed by spindles, and the latency from the onset of the stimulus to the succeeding spindle must be in a certain range. To examine this, we investigated the latency and then calculated a response rate, defined as the number of stimuli followed by a spindle (not by another stimulus) divided by the total number of the stimuli. In other words, when there was no spindle between 2 consecutive stimuli, the first stimulus was not included in the number of stimuli followed by a spindle.
It is likely that a sensory stimulus has influence on the active brain regions during the succeeding spindle if spindles can be triggered by sensory stimulation. To investigate this, the active brain regions during spindles were estimated using a dipole tracing method. 3 In the dipole tracing method, an SEMD model was employed and a set of 6 parameters, 3 for the dipole position and another 3 for the dipole moment (orientation and strength), was estimated at every sampling time point. A time series of the 3 positional parameters was considered to be a trajectory of an SEMD. The necessary software for the SEMD approximation was a part of the above mentioned EEG analysis system. We compared SEMD trajectories obtained from spindles with somatosensory and auditory stimulation and spindles without stimulation.
Dipolarity, a measure of the goodness of the dipole approximation, was determined based on the difference between the EEG recordings and the potentials generated by the equivalent dipole. 3 When the EEG recordings are perfectly reproduced by the equivalent dipole, the dipolarity is 1. However, this is unlikely and it usually takes a value between 0 and 1. The dipolarity was calculated at every sampling time point. The estimations with a dipolarity smaller than 0.95 were deemed to be invalid due to large electrode noise, multiple active regions, and so on. Such estimations were excluded from the analysis of the SEMD trajectory.
In the trajectory analysis, we divided the brain into several regions ( Figure 1 ). Region 1-a includes the thalamus. The somatosensory area is included in region 2-b, while regions 3-d and 4-d overlap the auditory area. The brain regions involved in the SEMD trajectory, i.e. active brain regions, were determined for each spindle. We then investigated differences among active regions during spindles with somatosensory and auditory stimulation and spindles without stimulation. In addition to 4 subjects from the first experiment (subjects A, B, I, and K), another subject (referred to as subject L, a 22 year-old male) took part in this experiment.
RESULTS
Sleep Architecture during the Experiment
In a typical trial, the transition of the sleep stages was as follows. After about 5 minutes of the waking stage, stage 1 occurred. Then, in about 5 minutes, the sleep stage progressed into stage 2. However, during the first 10 minutes (or so) of a trial, some transitions between stages 1 and 2 tended to occur. After this period, sleep stage 2, which usually lasted more than 5 minutes (one occasion as much as 30 min), was observed. Stage 3 followed. Stage 4 was seen only in one subject, and no subject reached REM sleep in this experiment. All these transitions happened in a period of 75-100 minutes. This pattern of transition from stage 1 to stage The average and standard deviation of the durations of spindles. In these graphs the black and white bars represent the average duration of the spindles with and without stimulation respectively. The line above each bar represents the standard deviation. The horizontal axis indicates the different trials. In almost all trials regardless of the modality, the duration became longer in the five-minute period with sensory stimulation than that without it. The average and standard deviation of the intervals between two consecutive spindles. In these graphs the black and white bars represent the average interval of the spindles with and without stimulation respectively. The line above each bar represents the standard deviation. The horizontal axis indicates the different trials. In almost all trials regardless of the modality, the interval became shorter in the five-minute period with sensory stimulation than without it. Asterisk(s) above a couple of the black and white bars represent that the difference reached a significance level of p<0.05 or p<0.01. It should be noted that even if the average and standard deviation were almost the same, the p-values could be different because the Kruscal-Wallis test, a non-parametric test, was employed. * ** ** 3-4 was repeated twice in an experimental trial. However, most subjects awoke during stage 3 (or stage 2) in the second cycle. If the length of stage 2 in this cycle was less than 5 minutes, the data were discarded and the trial was redone another day, since two 5-minute periods were required for comparison. During sleep stage 2 in the first or second cycle, the sensory stimulation was applied. Accordingly, the stimulation period started around 13:30 or 15:00. To reduce the influence of the cycle, in about half of the trials, the stimulation period was taken from the first cycle and in the other half, from the second cycle.
Comparison of Spindles with and without Stimulation
The distribution of the intervals between 2 consecutive spindles in a trial is shown in Figure 2 . These results were obtained in a trial with and without auditory stimulation (Subject A). In the 5-minute period with stimulation, there were 100 spindles, and most of the intervals were shorter than 6 s. Without stimulation, the number of spindles decreased to 51, and some of the intervals were longer than 10 s. Consequently, the standard deviation was larger without stimulation than with stimulation. The averages and standard deviations of the intervals are shown in Figure 3 . In almost all trials (except SE2 and AG1), regardless of the modality of stimulation, the interval became shorter with sensory stimulation than without it. The results of the Friedman test revealed that with the sensory stimulation regardless of the modality, the interval between 2 consecutive spindles was significantly shorter (p = 0.008 and χ 2 = 7.1 with somatosensory stimulation, p = 0.011 and χ 2 = 6.4 with auditory stimulation, p = 0.003 and χ 2 =9.0 with visual stimulation). When the two 5-minute periods with and without stimulation in the same trial were compared, the intervals were significantly shorter in 2 out of the 14 trials with somatosensory stimulation (Figure 3[a] ). Similarly, there were significant differences in 3 out of the 10 auditory trials and 4 out of the 9 visual trials (Figure 3 In almost all trials regardless of the modality, the interval became shorter in the five-minute period with sensory stimulation than without it. Asterisk(s) above a couple of the black and white bars represent that the difference reached a significance level of p<0.05 or p<0.01. It should be noted that even if the average and standard deviation were almost the same, the p-values could be different because the Friedman test, a non-parametric test, was employed. = 4.7 with visual stimulation) than that of the spindles without stimulation in the vast majority of the trials, although the multiple comparisons revealed a significant difference only in a trial with each stimulation modality (Figure 4 ). With the shorter intervals and the longer durations, the duration rate naturally became larger in the period with sensory stimulation.
The sensory stimulation also induced other characteristic EEG waves such as the K-complex, although the sleep spindle was the most frequently induced wave. Further studies are required for the analysis of those other waves.
Latency and Response Rate
The average and standard deviation of the latency from the onset of a stimulus to the succeeding spindle is shown in Figure  5 . With somatosensory stimulation, the average latency ranged from 1.16 s to 2.88 s. Similarly, the averages over the auditory and visual trials were in a range between 1.40 s and 2.47 s and in a range between 1.11 s and 1.97 s, respectively. In virtually all trials, the response rate exceeded 95% (Table 2) .
Active Brain Regions during Spindle
Examples of typical SEMD trajectories from 5 subjects are shown in Figure 6 . During a spindle without stimulation, the brain activity mostly stayed in region 1-a, including the thalamus. Table 3 summarizes the characteristic brain regions activated during spindles with and without stimulation. Each cell represents 
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DISCUSSION
Comparison of Spindles with and without Stimulation
With sensory stimulation, the intervals between 2 consecutive spindles became shorter, and more spindles occurred during the 5-minute period (Figures 2 and 3) . From the results without stimulation, it is evident that there were spindles generated spontaneously. The consistent decrease in the interval strongly suggests that in addition to spontaneous spindles, stimulation-induced spindles occurred and thus the number of spindles increased in the period with stimulation.
The biological importance of the longer duration of spindles with stimulation is currently obscure. Although we investigated the frequency range of the 2 types of spindles and the relationship between the duration and the length of the preceding stimulus, we cannot find any explanation. Further analysis is required to understand mechanisms for generating longer spindles.
It must be noted that some characteristics of the spindles in this study might be different from those of spindles during the night. 12, 13 This is because the spindles in this study were generated during a short sleep in the afternoon (13:00-16:00).
Intra-and Inter-individual Differences
As shown in Figures 3 and 4 , there exist intra-and inter-individual differences. We thoroughly investigated these differences. It is noteworthy that there was no significant inter-and intra-individual difference in the interval of spindles with stimulation (out of the 172 possible combinations in the 3 modalities). In contrast, in 30 out of the 172 cases, inter-or intra-individual difference was significant without stimulation. As for the duration, the difference reached a significance level of 0.05 in 55 cases with stimulation and 20 cases without stimulation. These results suggest that the genesis of spindles could be regulated with sensory stimulation, and that the effect of stimulation is stronger on the interval between spindles than on the duration of spindles.
The investigation revealed that female subjects tended to show larger variations in the interval and duration of spindles. In fact, the majority of intra-individual changes occurred in female subjects. It is possible that the menstrual cycle affected the interval of spindles without stimulation. Because the OSA Seep Inventory does not include questions relating to menstrual status, the menstrual cycle was not controlled in this study.
Frequency Spectra of Spindles
The relationship between the modality and the frequency spectra was investigated, but there appeared to be no clear relationship. Since various factors that can affect sleep spindles, it is possible that combinations of the modality and these other factors decide the frequency of the spindle. Analysis of such combinations, however, is beyond the scope of this study.
As mentioned above, there exist intra-and inter-individual differences in the interval and duration of spindles. These differences can be observed also in the EEG power spectra. The frequency spectra were investigated closely, but no clear pattern was found within and among the subjects. Accordingly, we consider that these differences are mainly due to the differences in interval and duration.
Latency and Response Rate
Regardless of the modality of stimulation, the latency from the onset of a stimulus to the succeeding spindle was almost constant (approximately 2 s), and more than 95% of the stimuli were followed by spindles. These findings also suggest that sensory stimulation can induce spindles.
Active Brain Regions during Spindle
The accuracy of the dipole tracing method has not yet been fully investigated in humans, although positions estimated by the method are in agreement with those estimated by other methods such as PET. 11 Experiments in cats demonstrated an accuracy of 5.8 mm or smaller. 3 Based on these findings, we deemed the accuracy of the dipole tracing method in humans to be better than 10 mm; this is why we divided the brain into segments larger than 10 mm in the trajectory analysis.
Because the thalamus is included in region 1-a, all trajectories estimated from the spindles regardless of stimulation modality, pass through this region ( Figure 6 and Table 3 ). In other words, during every spindle an activity was observed in this region. The
Sensory Stimulation Triggers Spindles-Sato et al result is in accordance with the fact that the reticular thalamic nucleus is central to the genesis of sleep spindles. 1 The estimated SEMD trajectories were often cyclic. The brain activities in regions 1-a and 2-b during a spindle after somatosensory stimulus strongly suggest that there was an oscillatory activity between the thalamus and the somatosensory area during the spindle. Similarly, the brain activities in regions 1-a, 3-d, and 4-d during a spindle after auditory stimulus suggest an oscillation between the thalamus and the auditory area. These types of oscillatory activities are plausible because different areas of the cerebral cortex receive inputs from various dorsal thalamic nuclei. These results demonstrate the influence of the modality of the preceding stimulation on the active brain region during the spindle immediately after the stimulus. This also suggests that the sensory stimulation triggers spindles.
As shown in Table 3 , brain activities were observed in region 2-b during 30%-83% of the spindles after somatosensory stimulation. Similarly, after auditory stimulation, region 3-d or 4-d was activated during 31%-63% of the spindles.
The Role of Spindle
Steriade et al. considered that one of the functions of the sleep spindle is to gate the transmission of sensory information from the external environment. 5, 6 There are some findings that support the gating role: weak responses of forebrain to external stimuli during spindles, 1 inhibitory neurons in the reticular thalamic nucleus which are involved in the spindle oscillations, and the increased positivity in ERPs during spindles. 7, 9 In this study, we further examined the role based on the following hypotheses: If the spindle plays a role in the gating process, sensory stimulation may alter the autonomous rhythm of the spindle, and the latency from a stimulus to the succeeding spindle must be almost constant. In addition, the modality of the stimulation may influence the active regions during the succeeding spindle. The experimental results in this study support all these hypotheses. We therefore consider that the results provide further evidence for the gating role.
CONCLUDING REMARKS
In this study, EEG recordings during sleep stage 2 were analyzed to investigate the function of sleep spindles. The occurrence frequency of spindle was increased with stimulation and the latency from a stimulus was constant. The trajectories of SEMD indicate that the active brain regions during a spindle are different according to the modality of the preceding stimulus. These findings strongly suggest that a sensory stimulus triggers a sleep spindle during sleep stage 2. It must be noted that the experimental results do not mean that all spindles are induced by sensory stimulation.
